I n the United States, adolescent and young adult (AYA) cancers are defined as those diagnosed between 15 and 39 years of age. 1 Though nonuniform across cancer sites, 5-year relative survival rates of over 80% have been estimated for the AYA cancer population in the United States. 2, 3 With continued improvements in early diagnosis and treatment, 3 a growing number of AYA patients with cancer will become long-term survivors, prompting concerns about the late effects of malignancy and treatment in this population.
For the more than 45 000 US women diagnosed with AYA cancers each year, 4 such concerns may include future fertility and reproductive outcomes. Though recent studies 5, 6 suggest that 60% of female AYA cancer survivors want the possibility of having children, there is currently limited information available regarding the potential risk of adverse birth outcomes in this population. Studies of births to childhood cancer survivors (diagnosed at ages 0-14 years) in the United States suggest an increased risk of outcomes such as preterm birth and low birth weight relative to the general population. 7, 8 Yet little research has focused specifically on birth outcomes among AYA cancer survivors, who were diagnosed and treated during childbearing years and thus may have a risk profile distinct from that of survivors diagnosed during childhood. Studies from Australia 9 and Europe 10-13 have documented an increase in adverse birth outcomes among survivors diagnosed with cancer during reproductive years. However, given potential differences in the racial and ethnic makeup of these countries, as well as in the prevalence of other risk factors, it is unclear whether AYA cancer survivors in the United States have similarly elevated risks. Furthermore, few studies have examined whether various treatment modalities, such as radiation therapy and chemotherapy, are associated with adverse birth outcomes among births to AYA cancer survivors.
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In the current study, we used a data linkage between the North Carolina Central Cancer Registry and state birth certificate files to compare selected birth outcomes of female AYA cancer survivors to those of women without a history of cancer. We also evaluated risks of adverse birth outcomes according to factors such as cancer site group, treatment type, and the interval between diagnosis and birth.
Methods

Data Sources
To identify AYA cancer survivors, we used data from the North Carolina Central Cancer Registry (CCR). As required by state law, all cancer cases and benign brain and/or central nervous system tumors diagnosed in North Carolina are reported to the CCR by health care providers. We identified all women diagnosed with an incident cancer at ages 15 to 39 years from January 2000 to December 2013. Information recorded in the CCR includes cancer site, stage, date of diagnosis, and primary treatments (surgery, radiation, chemotherapy). We defined cancer site groupings for commonly diagnosed AYA cancers (breast, melanoma/skin carcinoma, non-Hodgkin lymphoma, Hodgkin lymphoma, and gynecologic) using AYAspecific recodes of International Classification of Diseases for Oncology (ICD-O-3) definitions, available from the National Institutes of Health Surveillance, Epidemiology, and End Results Program (eTable 1 in the Supplement).
14 Live births occurring in North Carolina from January 2000 to December 2014 were identified using statewide vital records. Data abstracted from birth certificates included birth weight, gestational age, infant sex, mode of delivery, plural birth, and Apgar score (a measure of the physiologic condition of the newborn). 15 Gestational age recorded on birth certificates may be determined from the mother's self-reported last menstrual period, from ultrasound findings, or other perinatal factors. 16 Maternal characteristics, including race/ ethnicity, parity, smoking during pregnancy, education, and marital status, were also abstracted from birth certificates.
To identify births to AYA cancer survivors, data from the CCR and birth certificate files were linked using a probabilistic linkage strategy in Link Plus. 17 Variables used in the linkage included maternal name, date of birth, and social security number. Estimates of reliability for variables used in the linkage, ranging from 0% (totally unreliable) to 100% (completely reliable), were 98%, 96%, 97%, 96%, and 96% for social security number, date of birth, last name, first name, and middle name, respectively. This study was approved by the institutional review board of the University of North Carolina and by the North Carolina State Center for Health Statistics; patient written informed consent was not required for the analysis of existing, deidentified records.
Selection of Study Population
From the CCR, we identified 21 716 women with a cancer diagnosis between ages 15 and 39 years from January 2000 to December 2013. By linking with state birth certificate files, we found that 8529 of these women had a total of 14 132 live births from January 2000 to December 2014. We excluded births to women with nonmalignant diagnoses and to women whose recorded diagnosis was not their first or only cancer (n = 1857 births). We excluded births that occurred before diagnosis (n = 8622) and those missing infant date of birth (n = 53). To focus our analyses on births closest to the mother's cancer diagnosis and treatment, we included only the first postdiagnosis birth to each cancer survivor that occurred from January 2000 to December 2014, excluding second or later births that also occurred during this time period (n = 924). We further excluded multiple births (n = 72) and those with fewer than 20 weeks gestation or a birthweight less than 500 g (n = 6). Thus, final analyses included 2598 births to AYA cancer survivors.
In North Carolina from January 2000 to December 2014, a total of 1 846 939 births occurred to 1 369 916 women without a recorded cancer diagnosis. After excluding second or later births to the same mother during this time period (n = 477 023), birth records missing infant date of birth (n = 12 360), multiple births (n = 23 355) and births with fewer than 20 weeks gestation or a birth weight less than 500 g (n = 3504), we were left with 1 330 697 eligible births. Among these, we randomly sampled 5 comparison births for every included birth to an AYA cancer survivor. Births were frequency matched on year of delivery and maternal age. The resulting comparison cohort included 12 990 births to women without a recorded cancer diagnosis.
Outcomes
Outcomes included preterm birth, low birth weight (LBW), small-for-gestational-age (SGA) birth, a 5-minute Apgar score less than 7, and cesarean delivery. Low birth weight was defined as less than 2500 g. We evaluated preterm birth before 37 weeks gestation and before 34 weeks gestation, to distinguish early preterm and late preterm. National standards for US births, published by Oken et al, 18 were used to determine SGA, defined as birth weight below the 10th percentile of infants of the same sex and gestational age.
Statistical Analyses
Poisson regression models with robust error variance 19 were used to estimate prevalence ratios (PR) for all birth outcomes, comparing births to AYA cancer survivors with the comparison cohort. All regression models were adjusted for variables considered a priori as potential confounders: year of birth (2000-2003, 2004-2006, 2007-2009, 2011-2012, 2013-2014) , maternal age (<24, 25-29, 30-34, ≥35 years), race/ethnicity (non-Hispanic white, non-Hispanic black, other), maternal education (high school or less, some college, Bachelor's degree or higher), previous live births (0, 1, 2, ≥3), marital status (married, not married), and maternal smoking during pregnancy (any, none). Because maternal education and smoking during pregnancy were missing for all births in 2010, due to a change in the format of the North Carolina birth certificate that occurred that year, these births were necessarily excluded from multivariable models for all outcomes. Cesarean deliveries were also missing for 2010 births. We conducted further analyses stratified by cancer site group, treatment (radiation and/or chemotherapy), time between diagnosis and birth, and age at diagnosis. In analyses stratified by time between diagnosis and birth, we assumed that a mother's cancer diagnosis occurred during pregnancy if the infant's gestational age was longer than the interval between the mother's diagnosis and the infant's date of birth. We also evaluated risks associated with chemotherapy and/or radiation within cancer site groups.
Within the AYA survivor group, we then evaluated risks associated with chemotherapy and/or radiation compared with those who received surgery only. Births to gynecologic cancer survivors were excluded from these analyses owing to potential associations between gynecologic surgery and adverse birth outcomes.
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To address whether preterm birth was related to medical intervention, rather than spontaneous labor, we performed sensitivity analyses excluding all cesarean deliveries (844 births to AYA cancer survivors; 3907 births to comparison cohort). We then excluded both cesarean deliveries and induced labor (1323 births to AYA cancer survivors; 5903 births to comparison cohort). All analyses were conducted using SAS 9.4 (SAS Institute).
Results
Characteristics of births to AYA cancer survivors and the comparison cohort are shown in Table 1 Overall, preterm birth (PR, 1.52; 95% CI, 1.34-1.71), early preterm birth (PR, 2.03; 95% CI, 1.62-2.55), and LBW (PR, 1.59; 95% CI, 1.38-1.83) were increased among births to AYA cancer survivors relative to the comparison cohort ( Table 3) . A small but statistically significant increase in cesarean deliveries was also identified among survivors. The prevalence of SGA and low Apgar score did not differ between groups.
In analyses stratified by cancer site group, the prevalence of preterm birth was elevated among births to women diagnosed with breast cancer (PR, 1.98; 95% CI, 1.56-2.51), Hodgkin lymphoma (PR, 1.59; 95% CI, 1.06-2.37), non-Hodgkin lymphoma (PR, 2.11; 95% CI, 1.42-3.13), and gynecologic cancer (PR, 2.58; 95% CI, 1.83-3.63), relative to the comparison cohort. Overall, births to women treated with chemotherapy without radiation, were more likely to be preterm (PR, 2.11; 95% CI, 1.68-2.66) and LBW (PR, 2.36; 95% CI, 1.84-3.03) than births to the comparison cohort. Cesarean deliveries were also increased among women treated with chemotherapy without radiation (PR, 1.16; 95% CI, 1.01-1.32). None of the adverse birth outcomes evaluated were significantly increased among births to women treated with radiation who did not also receive chemotherapy.
When associations with treatment were evaluated separately within each cancer site group, LBW (PR, 1.78; 95% CI, 1.09-2.92) and preterm birth (PR, 1.81; 95% CI, 1.18-2.79) were more common among births to breast cancer survivors who were treated with chemotherapy without radiation (eTable 2 in the Supplement). Relative to the comparison cohort, elevations in preterm birth (PR, 6.03; 95% CI, 3.13-11.63) and LBW (PR, 4.56; 95% CI, 1.88-11.06) were observed among births to Hodgkin lymphoma survivors treated with radiation (without chemotherapy). Among births to non-Hodgkin lymphoma survivors, preterm birth (PR, 2.68; 95% CI, 1.67-4.30) and LBW (PR, 3.31; 95% CI, 2.06-5.31) were increased among those treated with chemotherapy without radiation Among births to gynecologic cancer survivors, treatment with surgery only was associated with an increased prevalence of preterm birth (PR, 3.20; 95% CI, 2.11-4.87), LBW (PR, 3.33; 95% CI, 2.04-5.46), and cesarean delivery (PR, 1.57; 95% CI, 1.22-2.01) and with a marginal increase in low Apgar score (PR, 2.83; 95% CI, 0.91-8.78).
Among births to cancer survivors, those to women treated with chemotherapy (without radiation) had an increased prevalence of preterm birth (PR, 2.12; 95% CI, 1.56-2.86) and LBW (PR, 2.13; 95% CI, 1.51-3.00), and a marginally increased prevalence of SGA compared with births to women treated with surgery only (PR, 1.43; 95% CI, 1.00-2.04 (eTable 3 in the Supplement).
In sensitivity analyses excluding cesarean deliveries alone, or cesarean deliveries and induced labors, increases in the prevalence of preterm birth (PR, 1.73; 95% CI, 1.47-2.04 and PR, 1.50; 95% CI, 1.23-1.82, respectively) and LBW (PR, 1.67; 95% CI, 1.37-2.02 and PR, 1.44; 95% CI, 1.13-1.84, respectively) were still observed among births to cancer survivors relative to the comparison cohort.
Discussion
In this population-based study, we found an increased prevalence of preterm birth and LBW among births to female survivors of AYA cancer compared with the general population. A slight increase in cesarean deliveries was also observed among births to survivors of AYA cancers. The higher prevalence of these outcomes was most pronounced among births to mothers diagnosed with cancer during pregnancy, with a more modest increase among those with a longer interval between diagnosis and birth. Elevations in preterm birth persisted when cesarean deliveries and/or induced labor were excluded, suggesting an increase in spontaneous preterm deliveries among AYA cancer survivors. Overall, the prevalence of other adverse birth outcomes, including SGA and low Apgar score, did not differ significantly between births of survivors and those of the comparison cohort. 9 As in the current study, the first completed postdiagnosis pregnancy was included, regardless of the interval between diagnosis and birth. Other non-US studies with similar inclusion criteria have observed a similarly elevated prevalence of these outcomes among female cancer survivors diagnosed during reproductive years. 10, 12 In our study, the large sample size allowed us to stratify by the length of time between a woman's cancer diagnosis and her first postdiagnosis birth. Our results suggest that the increased prevalence of preterm birth and LBW may be most concentrated among births to AYA cancer survivors diagnosed during pregnancy, some of whom may deliver early to begin treatment. However, modest though significant elevations in preterm birth and LBW remained among births to women diagnosed before pregnancy, indicating that the elevated prevalence of these outcomes may not be limited to births to women diagnosed during pregnancy. Long-term effects of cancer treatment are a possible explanation for these findings. In all cancer site groups combined, both preterm birth and LBW were more common among births to women treated with chemotherapy. This may be partly explained by cardiovascular or pulmonary impairments due to chemotherapy, which may impact blood volume regulation and adversely affect pregnancy outcomes. 21, 22 Treatment with radiation, in the absence of chemotherapy, did not appear to be strongly associated with these outcomes. Our findings contrast with those of Haggar et al, 9 in which the strongest associations with preterm birth and LBW among AYA (2) 3 (2) 4 (3) 3 (3) 3 (2) 3 (2) 3 (2) (53) 22 (4) 22 (20) 137 (28) 15 (12) 57 (7) Distant 188 (7) 11 (3) 42 (23) 3 (1) 34 (31) 7 (1) 11 (9) 80 (10) Unstaged 100 (4) 5 (1) 9 (5) 15 (3) 8 (7) 10 (2) 7 (5) (2) 9 (2) 5 (5) 8 (2) 5 (4) 19 (2) Abbreviations: AYA, adolescent and young adult cancer survivors; SGA, small for gestational age.
a Calculated from date of delivery and gestational age as pregnancies that started before the diagnosis date.
survivors were observed for treatment with radiation alone. This may be attributable to differences in site group makeup between study populations, as our results also suggest potential differences in treatment effects according to cancer site. In our sample, treatment with chemotherapy was most strongly associated with preterm birth and LBW among births to women diagnosed with breast cancer or non-Hodgkin lymphoma. Surgical treatment among gynecologic cancer survivors appeared to be associated with an increase in both preterm birth and LBW, as did treatment with radiation among survivors of Hodgkin lymphoma. However, these findings were based on small numbers of outcomes, and further investigation is warranted to assess treatment effects within site groups. Although LBW was increased among AYA survivors, we observed little difference in the prevalence of SGA relative to the comparison cohort. This is consistent with findings of prior studies among childhood and AYA cancer survivors. 7, 8, 11, 13 Births to AYA survivors that met the criteria for LBW (<2500 g) were generally not small enough to fall below the 10th percentile for their gestational age, suggesting that the increase in LBW may be largely driven by shorter gestation relative to the comparison cohort.
Limitations
Strengths of this study include the large sample of births to AYA cancer survivors and the availability of individual treatment information. Some limitations should also be considered. Information regarding childbearing intent and the number and timing of attempts of parenthood was not available for this study. Additionally, misclassification may occur in administrative data sources such as birth certificates and cancer registries. For example, gestational age recorded on birth certificates is usually estimated from the mother's self-reported last menstrual period, and may therefore be subject to some inaccuracy. However, validation studies have demonstrated high reliability for birth outcome variables on US birth certificates, 23-27 including those in North Carolina. 23,25 Furthermore, we lacked information on women who moved out of the state during the study period. North Carolina census data for 2000 through 2010, only 7% of women overall moved out of state. 28 Thus, even if outcomes differed among women who moved out of North Carolina, we expect the influence on our estimates would be small. Furthermore, the number of outcomes was small within some subgroups; thus, we had limited statistical power to detect significant differences in some stratified analyses. Excludes 2010 births (missing variables for Cesarean delivery, mother's education, and smoking) c Adjusted for year of birth, maternal age, race/ethnicity, mother's education, previous live births, marital status, and maternal smoking during pregnancy
